The model-estimated lateral variation of elevation is 2.5% of the tidal amplitude, which is slightly smaller than the observed value.
sections, and the transverse momentum was neglected. Consequently, the effect of the transverse depth variation and the transverse structure of the along-estuary flow could not be resolved.
Depth variations across an estuary are found to be crucial in determining the flushing time or residence time [Li and O'Donnell, 1997] , which is an important indicator of ecological health and self-cleaning capacity of estuaries [Oliveira and Baptista, 1996 ]. An accurate estimate on the flushing time, on the other hand, requires an accurate knowledge of the intratidal flow field with an adequate spatial resolution across the estuary, which often has a significant transverse depth variation. It is therefore of great interest to solve a frictional tidal wave in an estuary of transverse depth variation. Li [1996] has presented some analytic solutions of tidal waves in estuaries with variable depth in both horizontal directions, using a perturbation method. The drawback of a perturbation method is the limitation on the degree of the depth variation. The perturbation solution may not be convergent if the maximum depth difference within the estuary is comparable to or greater than the mean depth.
In this paper, we present a theory for cooscillating tidal motion in tidal rivers and shallow estuaries with arbitrary lateral depth variations, without using a perturbation method. A simplification is made from the fact that the tidal elevation across a narrow estuary has a difference that is much smaller than the amplitude of the elevation, or the elevation is almost laterally uniform. This assumption is verified by examining the lateral derivative of the surface elevation obtained from the momentum balance. In section 2, we present the analytic solution. In section 3, we calculate the solution for dozens of depth profiles and discuss the solution regarding the effect of bathymetry on the strength of flow, tidal ellipses, transverse variation of elevation, and vorticity. We then estimate the error of approximation and the transverse gradient of the surface elevation. In section 4, we discuss the propagation of the wave and compare the results with some observations using a shipborne acoustic Doppler current profiler (ADCP) in the James River Estuary. In section 5, we summarize the results.
Formulation
We use a model geometry similar to that of Li 
where CD and U0 are the bottom drag coefficient and the magnitude of the longitudinal velocity, respectively. The friction coefficient •, which may be a function of y, is dependent on the velocity amplitude and the drag coefficient. It will be shown later in this section that the solution allows the drag coefficient CD to be any reasonable function of y. In our study, we will use a constant (7D for simplicity. Li [1996] has discussed in depth the effect of a variable friction coefficient • on tidal and subtidal flows. The results showed no fundamental differences.
It can be shown, by a scaling analysis, that the advection terms, the cross-product frictional terms (i.e., •u•/h 2 and •v•/h2), and the Coriolis force term in the along-channel momentum have higher orders of magnitudes (than other terms) [e.g., Li, 1996] . The Coriolis force in the transverse momentum, on the other hand, can be more important than the local acceleration (Ov/Ot). This is because a typical estuary has a length (L) much larger than its width (D), which leads 
In the following, we use the first and third equations of (6), i.e., the x-momentum and the continuity, respectively, to solve for U and A. The y-momentum equation will not need to be referred to again until we solve for OA/Oy to verify the assumption that OA/Oy is small. For a cooscillating tide problem, the tidal amplitude at the mouth is usually known. The longitudinal velocity at the head (x = L, a solid boundary) vanishes. In a study by Friedrichs and Hamrick [1996] , a similar dynamical balance was used in which the pressure gradient (OA/Ox) was assumed known and independent of y. Li [1996] has shown that on the basis of a perturbation solution, the lateral variation of tidal elevation in an estuary or tidal river of a few kilometers wide is very small compared to that of the longitudinal variation. We therefore assume that the lateral variation of elevation is negligible in the x-momentum and the continuity equations. The complex amplitude of the tidal {.4evation is thus taken to be approximately independent of y, which leads to a dramatic simplification of the solution. The validity of this approximation will be verified in section 3. It will also be shown in section 3.5 that the transverse gradient of the elevation IOA/Oyl, obtained from the y-momentum (second equation of (6)), is indeed very small in the present problem of interest. Note that similar approximations, which are justified by scaling arguments, have been used by Li [1996] and Li and O'Donnell [1997] in the study of tidally induced residual circulation. These studies produced results that are almost identical to those from exact solutions [Li, 1996] . 
Results
In this section, different depth functions are applied to the solution obtained in section 2. The depth functions are described first, followed by a discussion of the solution. Emphasis will be given to the effect of the bathymetry. We will examine the strength of the flow, the tidal ellipses, the lateral variation of elevation, and the vorticity, in relation to the depth distribution. (Figures 7e, 8a, 8b, 8c , and 8e).
Depth Functions

Vorticity
Because of strong bottom frictions in shallow estuaries, velocity potentials can not be used to formulate the governing equations since vorticity is expected to be important. In the present model, the longitudinal tidal velocity dominates over the transverse velocity as in most narrow estuaries. Therefore the vorticity approximately reflects the transverse shear of the longitudinal velocity. Again, we only show the vorticity distribution for the depth functions with the steepest bottom slopes of (21)-(26) (Figures 9a-9f) . In general, the vor- 
Discussion
We have presented a solution of a 2-D tidal model for a narrow estuary with arbitrary lateral depth variation, and we have applied it to various depth profiles. Now we will further discuss the solution. We will compare model results to some observations obtained in the James River Estuary. We will fit the data to the phase of the longitudinal momentum equation to estimate the bottom drag coefficient, and we will apply the analytic model, using the estimated CD and the real bathymetry, to where observations took place in the James River Estuary.
Comparison With Observations
Previous observations showed some bathymetric in- bitrary depth functions, it may be particularly valuable for testing of high-order numerical models with large depth gradients.
Summary
We 
